Abstract: In this paper, a hybrid free-space optical and visible light communication (FSO/VLC) system was experimentally demonstrated as a solution to overcome the last mile and last meter access networks bandwidth bottleneck. We evaluate the system performance of a multiband carrier-less amplitude and phase (m-CAP) modulation scheme for a range of FSO/VLC link lengths and m-CAP parameters (i.e., the roll-off factor of the filters and a number of subcarriers) in terms of the data rate R b (i.e., spectral efficiency). We show that for the configuration with a 1-m VLC link the 10-CAP offers more than a 40% improvement in the measured R b compared to 2-CAP for the same bit error rate target. The R b penalty due to the extension of a VLC-link span from 1 to 3 m reaches to 12.6 Mb/s for the 10-CAP scheme (i.e., ∼39% degradation in R b ). To fully cover all aspects of the hybrid FSO/VLC system, we also investigate the atmospheric turbulence effect on the 500-m FSO link where R b is decreased by 30% for the refractive index structure parameter C 2 n of 2.4 × 10 −15 m −2/3 compared to a clear channel condition.
Introduction
Due to an increasing number of mobile users, video streaming, the deployment of technologies such as the Internet of Things (IoT) and the end-user's demand for high-quality services requiring enormous transmission capacity, is growing exponentially [1] . Although advances made in radio frequency (RF) technologies have been able to address challenges posed by this unprecedented data growth, the available RF spectrum is rapidly becoming congested to saturation. Therefore, both the commercial sector and academia have actively begun investigating wireless technologies to complement to RF systems. Optical wireless communication (OWC) technologies offer unregulated bandwidth (in the order of THz) which is compatible with existing high-speed backbone optical fiber communication networks. As a part of OWC, the mature free space optical (FSO) communications system, which mostly operates in the infrared band, is a promising solution to overcome the bandwidth bottleneck in outdoor last mile access networks, particularly in extremely dense urban areas, where the installation of optical fiber infrastructure is cost-ineffective [2] . FSO systems are, in most cases, intended for line-of-sight (LOS) applications offering similar features as to single-mode fibers (SMFs), including a comparable bandwidth, security, low installation cost and immunity to RFinduced electromagnetic interference [3] . Nowadays, FSO systems with data rates R b up to 10 Gb/s are commercially available [4] and up to Tb/s have been demonstrated for laboratory-based links [5] . However, as with RF technologies, FSO link performance is influenced by atmospheric channel conditions such as turbulence, fog, smog, etc. Under clear weather conditions, atmospheric turbulence is the main source of random fluctuations in both the phase and intensity of the received optical signal [6] .
In the visible spectrum, OWC technology is best known as visible light communications (VLC), which is, at present, is mostly intended for short range indoor applications, i.e., last meter access networks. The main feature of VLC is that it uses light emitting diode (LED)-based light sources for illumination, high-speed data communications and highly-accurate indoor localization [4] , [7] . However, in VLC systems the main bottleneck is the LED bandwidth B L E D , which is around 3 MHz for white phosphorus [8] , and 20+ MHz for RGB (red, green and blue) LEDs [9] , which is not sufficient to achieve high R b over a typical link span of a few meters.
To address this issue, a number of options have been proposed and reported in the literature including (i) equalization schemes [7] ; (ii) multilevel modulations [10] ; (iii) micro-LEDs with higher B L E D [11] ; and (iv) multi-carrier modulation schemes, such as orthogonal frequency division multiplexing (OFDM) and carrier-less amplitude and phase (CAP) modulation [12] - [17] . Note, OFDM supports higher order modulation formats, such as quadrature amplitude modulation (QAM) as well as other features including adaptive power and bit-loading algorithms while also overcoming multipath induced intersymbol interference (ISI) [12] . However, the main drawback of OFDM is the high peak-to-average power ratio (PAPR), which can result in signal clipping and, therefore, distortion due to the nonlinear characteristics of LEDs and amplifiers [13] . The CAP scheme is very similar to QAM in terms of transmitting two parallel streams of data using only two filters with orthogonal waveforms (i.e., quadrature and in-phase), albeit that it does not rely on a local oscillator to generate the carrier signals. CAP offers a number of advantages including: (i) reduced computational complexity, which depends on the length of finite impulse response (FIR) filters used at the transmitter (Tx) and the receiver (Rx); (ii) the same spectral efficiency η s and performance as QAM; and (iii) flexibility in design, since it is possible to use both analogue and digital filters to generate the signal. CAP was experimentally demonstrated to outperform OFDM in terms of R b (i.e., spectrum efficiency) by ∼20% over the same transmission link [14] .
The first experimental FSO/VLC heterogeneous interconnection was presented in [18] where the authors demonstrated OFDM with data aggregation. In this paper, we have focused on the proof of concept of a hybrid FSO/VLC link with multiband CAP (m-CAP) for the last mile and last meter access networks. The emphasis is on experimental evaluation of the system performance under atmospheric conditions when considering parameters such as the roll-off factor β for the set of m and their influence, on the measured R b for a range of transmission spans. Note, we have used a moderate R b of 40 Mb/s and short transmission spans for both FSO and VLC links, which can be readily increased for higher Rb and longer link distances. The results demonstrate the potential of the hybrid FSO/VLC link as an alternative solution to overcome the bandwidth bottleneck in the last mile and last meter access networks, see Figure 1 . Note that, the inter-building connectivity is realized by a high-speed FSO link, which can feed a number of access points in indoor environments. The received FSO signal is then distributed via SMFs within rooms and the VLC technology is used to provide the last meter connectivity for the end users.
The paper is organized as follows: in Section 2, the experimental setup and system parameters are briefly outlined, whereas in Section 3, the results of hybrid FSO/VLC link are shown. Finally, the conclusions are given in Section 4. 
Experimental Setup
The performance of the proposed hybrid FSO/VLC link with m-CAP has been investigated utilizing the setup illustrated in Figure 2 . A 2 13−1 independent pseudorandom binary sequence generated for each subcarrier (SC) is mapped into M -QAM symbols where M is the order of QAM. The mapped signal is then up-sampled by zero padding, prior to being split into the in-phase I and the quadrature Q components, which are then applied to I and Q pulse shaping square-root-raised cosine (SRRC) filters, whose impulse responses form a Hilbert pair has been clearly documented in the literature [15] . The generated output signal is combined and loaded to a Rohde & Schwarz vector signal generator (SMW200A) for intensity modulation (IM) of a commercial laser diode (FITEL FRL15DCW) operating at a wavelength of 1550 nm with an output power of 5 dBm. The output of the laser diode is launched into an SMF via a gradient-index (GRIN) lens (GRIN2315-Thorlabs). A plano-convex lens (Thorlabs N-BK7), with a focal length f L of 100 mm, placed in front of the SMF, is used for the beam collimation for propagation over the free space channel. At the Rx, a planoconvex lens is employed to focus the optical beam via a SMF onto a photodetector whose output is amplified and applied to the LED driver with DC biasing prior to the IM of the LED. Note, the SMF is intended for signal distribution within a building. The insertion loss of the optical link (including pigtails, FSO channel and SMFs) is 15 dB at 1550 nm. For the VLC link, we used a commercially available LED (an OSRAM Golden Dragon with B L E D LED of 1 MHz) biased at ∼390 mA to ensure operation within its linear region [17] . We also used two biconvex lenses with f L 1 = 25 mm and f L 2 = 35 mm were used at the Tx and the Rx, respectively. An optical Rx (Thorlabs PDA10A) was used for the regeneration of the transmitted signal. The regenerated signal is resampled to the sampling frequency of the transmitted signal and passed through the time-reversed Rx filters, which are matched to the Tx filters. Following down-sampling and demodulation, the recovered M -QAM symbols are compared with the transmitted data for BER estimation. For this measurement, we set the transmitted signal bandwidth to 5 MHz. To achieve a maximum R b , we used a pilot binary phase shift keying (BPSK) signal to load an appropriate number of bits/symbol to individual SC based on the measured signal to noise ratio (SNR). For the acquisition of received data, we used a real-time digital oscilloscope (1 GSa/s LeCroy WaveRunner Z640i) to capture the signal for offline processing (i.e., R b and η s ) in the MATLAB domain. More details on the m-CAP adaptation can be found in [17] .
Experimental Results

A Clear Atmosphere
In this section, the performance of the m-CAP based hybrid FSO/VLC link under a clear atmosphere, is presented. The complexity of the m-CAP scheme depends mainly on (i) the length of filters Ls; (ii) roll-factor β; and (iii) the number of SCs (i.e., m). Note, L s is set to 10 symbols based on the results of our previous work on VLC [19] where we showed that for L s > 10 there was only marginal performance improvement. Here, we therefore focus mainly on β and m. Note, for each increment of m we require 4 additional filters (2 each at the TX and the Rx). Results are presented in terms of R b and η s for a range of m = {2 -10} and β = {0.2, 0.4}.
In the first experiment, we measured R b for a range of a VLC link span, m and β, as shown in Figure 3 . The FSO transmission span was 2 m due to laboratory space, but the performance can be recalculated to that of the outdoor schemes with longer distance. The BER threshold level was set to 3.8 × 10 
Atmospheric Turbulence Influence
Here we investigate the system performance considering the effect of atmospheric turbulence on the inter-building FSO link. We have used a dedicated indoor FSO testbed chamber and employed heating fans to create turbulence along the optical propagation path [20] . The turbulence level is measured in the terms of refractive index structure parameter C 2 n using 20 temperature sensors positioned at 0.1 m apart along the indoor FSO chamber. At higher levels of turbulence, the propagating optical wave experiences a higher level of intensity and phase fluctuations, which eventually leads to wider, scattered beam patterns at the Rx. This behavior is described by Kolmogrov's turbulence theory where the refractive index changes in the order of several parts per million for every 1 K atmospheric temperature variation [21] . Figure 4 shows the measured R b as a function of m for the proposed hybrid FSO/VLC link (i.e., VLC and FSO channels of 2 m span each) for a range of turbulence levels (C 2 n ). We have investigated the turbulence level up to C 2 n = 1.2 × 10 −10 m −2/3 for a 2 m FSO under a laboratory conditions. Note, for higher turbulence levels and a short FSO link we can recalculate the C 2 n value using Rytov variance [6] to obtain the turbulence levels for longer outdoor FSO links. The scintillation index is dependent on the value of (C 2 n ) and the temperature gradient. Assuming a constant (C 2 n ) over a short propagation span of L i n and L out for an indoor and outdoor FSO links, respectively, the relation R i n/out between the two is given by:
Hence, to calibrate the FSO link performance in order to make the same as the outdoor link, R i n/out should be unity. Note that, (i) link segmentation is used to keep the temperature gradient constant; and (ii) C 2 n−out < C 2 n−i n ; (iii) 10 −16 < C 2 n−out < 10 −14 m −2/3 for the weak turbulence [22] , [23] . Using (1) and for C −15 m −2/3 outdoor FSO link spans are 100, 500 and 1000 m, respectively, which induces the same weak turbulence effect as the indoor link. However, by generating higher temperature gradients more than 7
• K/m in the indoor experimental FSO link we can achieve the same performance as the longer outdoor FSO link.
It can be seen that R b reduces significantly with increasing turbulence levels. For instance, for 10-CAP and β = 0.2, the drops in R b are 8.9% and 30% for C 
Conclusion
A hybrid FSO/VLC system with m-CAP, suitable for a last mile and last meter access networks interconnected by a single mode fiber offering both security at the physical layer and a low installation cost, was presented in this paper. We showed that, comparing 2-CAP and 10-CAP achieved an approximately 43% improvement in the data rate under the clear atmosphere condition. Further, for a 500 m-long 10-CAP hybrid FSO/VLC link under turbulence, the drops in R b were 8.9% and 30% for C 2 n of 3.9 × 10 −17 m −2/3 and 2.4 × 10 −15 m −2/3 , respectively, compared to the link with no turbulence. It was also shown that, the effect of increasing m for higher turbulence levels did not lead to improvement in the measured R b .
